Introduction
============

Intravenous (IV) loop diuretics serve an important role in the management of patients with volume overload in order to improve symptoms and optimize hemodynamic status. The role diuretics play is illustrated by their inclusion in guidelines for the management of acute and chronic heart failure, cirrhosis with ascites, renal insufficiency, and pulmonary hypertension. [@B1] [@B2] [@B3] [@B4] [@B5] [@B6] As the first of its class, furosemide has remained the loop diuretic of choice due to its efficacy and low cost. [@B7] [@B8] Additional loop diuretic agents include bumetanide and torsemide, which have been reported to have equipotent effects at IV doses of furosemide 40 mg to bumetanide 1 mg and torsemide 20 mg. [@B9] [@B10] [@B11]

While diuresis is necessary in the management of a number of disease states, studies have repeatedly demonstrated the deleterious outcomes associated with these agents and a precise optimal dosing strategy has yet to be found. [@B6] [@B12] [@B13] The adverse effects of these agents are well documented and include volume depletion, ototoxicity, neurohormonal activation, and electrolyte abnormalities. High diuretic doses have also been associated with increased hospital length of stay and a dose-related increase in mortality in patients with heart failure. [@B9] [@B10] [@B12] [@B14] The effects of overdiuresis may manifest as hypotension, decreased cardiac output, and decreased renal perfusion. Loop diuretic-induced decrease in renal blood flow is evident by an average increase in serum creatinine of 0.23 mg/dL and 0.14 mg/dL for intermittent and continuous infusion, respectively. [@B9] Ototoxicity has been reported with all loop diuretics but may occur less often with bumetanide when compared to furosemide. [@B10] [@B14] Diuretic-induced electrolyte abnormalities predispose patients to fatal arrhythmias. Bumetanide, however, may have a less potent kaliuretic effect compared with furosemide. [@B10] [@B15] [@B16] The clinical significance of this difference is unclear, but theoretically could result in less arrhythmogenicity. Analysis of the Acute Decompensated Heart Failure National (ADHERE) Registry demonstrated an increased risk of intensive care unit length of stay greater than 3 days, total length of hospital stay greater than 4 days, and greater in-hospital mortality in patients who received higher doses of IV loop diuretics defined as furosemide-equivalent doses =160 mg during the first 24 hours of hospital admission. [@B17] [@B18] Various studies have also demonstrated a positive correlation with chronic diuretic dose and mortality; however, among these studies inconsistency exists in the ratio used when converting doses from other loop diuretics to furosemide equivalent doses. [@B13] How this may influence outcomes is unknown but is an important consideration, nonetheless.

Reported equipotent doses of furosemide and bumetanide range from 25:1 to 50:1 for oral dosing and \< 30:1 and up to 50:1 for intravenous dosing in healthy patients or patients with a positive fluid balance due to disease states such as heart failure, cirrhosis with ascites, and chronic kidney disease. [@B7] [@B16] [@B19] Small differences in the pharmacokinetic profiles of bumetanide and furosemide may influence the response to or toxicity of these agents. [@B10] [@B20] As loop diuretics, both are dependent on secretion via active transport into the renal tubules in order to reach their site of action at the sodium-potassium-chloride channels within the ascending loop of Henle. [@B9] Compared with furosemide, bumetanide demonstrates greater and more consistent oral bioavailability, which is important in disease states such as heart failure, where oral absorption may be impaired. [@B21] [@B22] [@B23] Both of these agents are highly protein bound and excreted renally, however bumetanide is thought to undergo non-renal elimination as well resulting in less accumulation in renal dysfunction when compared with furosemide. [@B9] [@B10] [@B22] [@B24] In patients with increased extracellular fluid and a greater volume of distribution, such as heart failure, chronic kidney disease, and cirrhosis with ascites, higher doses or shorter dosing intervals may be necessary in order to reach adequate drug concentration at the site of action. [@B22] Higher doses compensate for a decrease in drug bioavailability and a higher volume of distribution, while shorter dosing intervals can be used to avoid the rebound sodium retention that occurs towards the end of the dosing interval in response to a decrease in intravascular volume. [@B25] Despite these strategies and more aggressive dosing, a lower maximal diuretic effect is seen across edematous disease states. [@B21]

Given the dose-related adverse effects of these agents, thoughtful consideration must be taken when choosing a diuretic dose in order to achieve the maximum therapeutic benefit while minimizing adverse effects. Recently, due to a national shortage of IV furosemide, practitioners at the Medical University of South Carolina were forced to use IV bumetanide as the formulary loop diuretic for six months. With the increased utilization of IV bumetanide, we sought to retrospectively quantify the dose-response effect of continuous and intermittent dosing of IV bumetanide, compare the dose-response of IV bumetanide with IV furosemide in a subset of patients with HF, and to describe adverse effects seen with the use of bumetanide.

The primary objective of this study was to identify the dose-response effect of intermittent and continuous infusion bumetanide in all patients at our institution. We also sought to compare the potency of IV bumetanide to IV furosemide in a subset of patients with HF, using data previously collected at our institution and described by Thomson and colleagues. [@B26] The secondary objective of this study was to assess the safety profile of IV bumetanide with respect to electrolyte disturbances.

Methods
=======

Study Design
------------

This was a retrospective, observational study that examined patients who received intravenous bumetanide for at least 48 hours from June 2010 through October 2010. At this time, the Medical University of South Carolina Medical Center implemented an automatic substitution for orders of IV furosemide to be converted to IV bumetanide at a ratio of 40:1. All patients in the hospital were eligible for this substitution. Patients were excluded from the study if they were less than 18 years old, received less than 48 hours of bumetanide, or did not have urine output recorded. This study was approved by the institution's investigational review board.

Data Collection
---------------

Data collection included patient demographic information, past medical history, admission diagnosis, length of hospital stay, and pertinent home and hospital medications. Data collected daily included total dose of bumetanide, intermittent (iIV) or continuous infusion (cIV) administration, total fluid intake and urine output (UOP), serum sodium, blood urea nitrogen, serum creatinine, albumin, and any doses of potassium or magnesium given for electrolyte replacement. Patient weight and B-type natriuretic peptide (BNP) were collected on admission and discharge when available.

The primary endpoint of this study was derived by calculating the average daily UOP per total daily dose of bumetanide received (mL/mg). This was done by using the sum of the total urine output during the study period for each patient and dividing by total drug received. Dividing this value (mL/mg) by the duration of therapy (days) for each patient gave the average daily UOP per mg of drug received for each patient. The mean (standard deviation; SD) of this number was reported as our primary outcome. In order to compare the potency of IV bumetanide to IV furosemide, a more homogenous patient population was chosen by selecting only those patients with systolic HF and comparing daily UOP per mg of drug administered to preexisting data describing this outcome with furosemide. [@B26] The secondary objective of this study, an evaluation of safety, was measured by quantifying the average daily amount of electrolyte replacement administered while on therapy.

Statistical Analysis
--------------------

Categorical data were reported as number of subjects (%) while continuous variables, including the primary outcome and secondary safety objective comparing iIV bumetanide to cIV bumetanide, were reported as mean (SD). Data were analyzed for significant differences using the Mann-Whitney-U test. Potency ratios were calculated by dividing the primary outcome (mL/mg/day) for bumetanide as described previously by the same measurement for furosemide. Sample size was based on number of patients available for analysis and feasibility of data analysis within a required time frame. A post hoc power analysis was done to confirm that sample sizes were adequate to reach a power of 80%. Correlation analysis was performed using Spearman rank correlation with pairwise exclusion to identify independent variables associated with the primary outcome. A p-value of \<0.05 was considered statistically significant. Data was analyzed using SPSS version 12.0 (SPSS, Chicago, Illinois, USA).

Results
=======

A total of 230 patients received intravenous bumetanide for at least 48 hours from June 1, 2010- October 30, 2010. Of these, 109 patients were used in analysis of the primary outcome of bumetanide efficacy, after excluding patients who did not have urine output recorded or those who had doses held resulting in less than 48 hours of bumetanide therapy. Ninety-three patients (85.3%) received intermittent dosing and 16 patients (14.7%) received continuous infusion dosing. Of the 109 patients, 33 patients (30.3%) had systolic HF and were used to compare the potency of bumetanide with furosemide ( [Figure 1](#F1){ref-type="fig"} ).
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Baseline characteristics were similar between groups, as shown in [Table 1](#T1){ref-type="table"} . Overall, 52.3% of patients were male and 54.1% Caucasian. All non-Caucasian patients were Black with the exception of one patient of Asian descent. The average age was 58.2 (SD=15.3) years. Nearly one-third (33%) of the patients in the intermittent group versus 18.7% of the continuous group had a serum creatinine of 1.5 mg/dL or greater at baseline. Serum sodium concentration was significantly higher in the iIV group at baseline. Medications taken prior to admission were available for 55% of patients and are shown in [Table 2](#T2){ref-type="table"} . Pertinent medications administered concomitantly with bumetanide are listed in [Table 2](#T2){ref-type="table"} , with beta-blockers, angiotensin-converting enzyme inhibitors or angiotensin receptor blockers, and dihydropyridine calcium channel blockers being the most frequently administered cardiac medications. Thirteen patients received concomitant thiazide diuretic with bumetanide, the majority of which (62%) were in the cIV group. In order to determine if the use of thiazide diuretics impacted the results, the primary endpoint was also analyzed while excluding those patients that received a thiazide diuretic. This analysis required exclusion of 50% of patients in the cIV group and 5% of patients in the iIV group. Contrary to the overall primary endpoint, with exclusion of patients that received thiazide diuretics, there was not a statistically significant difference between groups (P=0.067). The average duration of therapy was five days for both the iIV and cIV groups. Many of the baseline characteristics (age, race, serum creatinine) of patients in this study resemble those in the study by Thomson *et al* . However the populations differed in a major respect. The current study included patients with indications for diuresis beyond heart failure exacerbation.

###### 

Baseline demographic information and laboratory values for all patients who received intravenous bumetanide

  -----------------------------------------------------------------------------------------------------------------------------
  Baseline demographics and laboratory values\            Intermittent Infusion (iIV)\   Continuous Infusion (cIV)\   p-value
  Mean (SD)                                               (n=93)                         (n=16)                       
  ------------------------------------------------------- ------------------------------ ---------------------------- ---------
  Age \[years\]                                           58.6 (15.3)                    55.9 (15.6)                  0.518

  Male \[%\]                                              51.6                           56.3                         0.733

  Caucasian \[%\]                                         54.8                           50.0                         0.721

  Serum creatinine \[mg/dL\]                              1.33 (0.85)                    1.17 (0.76)                  0.47

  Blood urea nitrogen \[mg/dL\]                           33.5 (22.4)                    30.7 (21.5)                  0.518

  Sodium \[mEq/L\]                                        138 (5.07)                     134 (7.77)                   0.017

  Albumin \[g/dL\]                                        2.52 (0.77)                    2.90 (0.49)                  0.112

  Weight on admission \[kg\]                              94.6 (30.0)                    90.1 (15.6)                  0.874

  Heart failure \[%\]                                     32.3                           18.8                         0.280

  BNPA \[pg/mL\]                                          983.36 (1129.21                565 (164.01)                 0.971

  Admitting diagnosis (N)                                                                                              

  Acute coronary syndrome                                 4                              2                             

  Heart failure                                           33                             0                             

  Stroke/Subarachnoid Hemorrhage                          11                             6                             

  Cardiaothoracic surgery                                 3                              6                             

  Infectious disease                                      8                              1                             

  Pulmonary hypertension/ respiratory disorder            8                              0                             

  Gastrointestinal disease                                11                             2                             

  Other                                                   15                             0                             

  A. BNP= B-type natriuretic peptide, iIV n=61, cIV n=8                                                               
  -----------------------------------------------------------------------------------------------------------------------------

###### 

Patients' home medications taken prior to admission and those administered concomitantly with intravenous bumetanide

  -----------------------------------------------------------------------------------------------------------------------------------------------------------
  Drug                                                                                                              Home Medication\   Hospital Medication\
                                                                                                                    (n=60) n (%)       (n=109) n (%)
  ----------------------------------------------------------------------------------------------------------------- ------------------ ----------------------
  Thiazide diuretic                                                                                                 10 (16.7)          13 (12)

  Potassium-sparing diuretic                                                                                        21 (35.0)          21 (19.3)

  Loop diuretic                                                                                                     37 (61.7)          109 (100)

  Inotrope ^A^                                                                                                      4 (6.7)            13 (12.0)

  Vasopressor ^B^                                                                                                   0 (0)              13 (12.0)

  ACEi/ARB                                                                                                          33 (55.0)          33 (30.3)

  Beta-blocker                                                                                                      32 (53.3)          57 (52.3)

  Hydralazine                                                                                                       4 (6.7)            11 (10.1)

  Nitrate                                                                                                           3 (5.0)            8 (7.3)

  Nondihydropyridine CCB                                                                                            3 (5.0)            6 (5.5)

  Dihydropyridine CCB                                                                                               12 (20.0)          27 (24.8)

  Amiodarone                                                                                                        1 (1.7)            1 (0.9)

  Digoxin                                                                                                           6 (10.0)           8 (7.3)

  ACEi= Angiotensin-converting enzyme inhibitor, ARB= Angiotensin receptor blocker, CCB= Calcium channel blocker\                      
  A. Inotrope: dobutamine or milrinone\                                                                                                
  B. Vasopressor: continuous infusion of epinephrine, norepinephrine, phenylephrine, dopamine, and/or vasopressin                      
  -----------------------------------------------------------------------------------------------------------------------------------------------------------

As shown in [Table 3](#T3){ref-type="table"} , the mean daily dose of bumetanide and mean daily UOP were significantly higher in the cIV group; however, the primary outcome (UOP/mg bumetanide) was significantly higher in the iIV group. Data were also analyzed using a weight-based primary outcome (mL/kg/mg bumetanide received); however, this did not influence the results. Patients with HF, renal insufficiency (RI), both HF and RI (HF+RI), or otherwise healthy patients were evenly distributed between the iIV and cIV groups. As shown in [Figure 2](#F2){ref-type="fig"} , the HF+RI group had the poorest response to bumetanide. Correlation analysis showed a statistically significant relationship between response to bumetanide (mL/mg) and average total daily dose (P\<0.001) and BNP (P=0.017).

###### 

Shown below is the primary outcome of urine output per mg of bumetanide per patient per day

  -----------------------------------------------------------------------------------------------------------------
                                                          Intermittent Infusion\   Continuous Infusion\   P-value
                                                          (n=93)                   (n=16)                 
  ------------------------------------------------------- ------------------------ ---------------------- ---------
  Mean (SD) total daily dose \[mg\]                       2.57 (1.30)              6.62 (3.58)            \<0.001

  Mean (SD) daily urine output \[mL\]                     2575 (1061)              3990 (1013)            \<0.001

  Daily urine output per bumetanide dose (SD) \[mL/mg\]   1273 (844)               749 (370)              0.002
  -----------------------------------------------------------------------------------------------------------------
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Based on previously published data, we were able to compare the dose-response effect of IV bumetanide to IV furosemide in patients with HF. [@B26] Of the 33 patients with HF who received IV bumetanide, 30 (90.9%) received intermittent dosing and 3 (9.1%) received continuous infusion dosing. Contrary to the primary outcome in the total population, among patients with heart failure there was no difference in daily UOP per mg bumetanide received in the iIV and cIV groups at 897 (SD=540) mL/mg and 1074 (SD=721) mL/mg, respectively. [Table 4](#T4){ref-type="table"} shows the primary outcome result for the subgroup of patients with HF who received iIV or cIV bumetanide or furosemide. As published previously, intermittent furosemide dosing resulted in 22 (SD=13) mL/mg UOP (n=30) as compared with 38 (SD=31) mL/mg UOP (n=26) for continuous infusion furosemide. When comparing only the intermittent dosing strategies, there was a dose-equivalence ratio of 41:1 between furosemide and bumetanide. In the entire subgroup of patients with HF, the overall dose-equivalence ratio was 34:1.

###### 

Comparison of potency between bumetanide and furosemide in patients with heart failure, analyzed as intermittent dosing or continuous dosing and total population.

  -------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
                                                                                                         Intermittent IV infusion (iIV)   Continuous IV infusion (cIV)   All patients with\
                                                                                                                                                                         heart failure
  ------------------------------------------------------------------------------------------------------ -------------------------------- ------------------------------ --------------------
  Bumetanide UOP per mg drug \[mL/mg\] mean (SD)                                                         897 (540)                        1074 (721)                     1010 (579)

  Furosemide UOP per mg drug \[mL/mg\] mean (SD)                                                         22 (13)                          38 (31)                        30 (24)

  Furosemide:Bumetanide equivalence ratio                                                                41:1                             27:1                           34:1

  UOP: urine output; iIV bumetanide n=30, cIV bumetanide n=3, iIV furosemide n=30, cIV furosemide n=26                                                                   
  -------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Electrolyte disturbances with iIV and cIV bumetanide were measured as average potassium and magnesium electrolyte replacement per patient per day during the study period. There was no significant difference in mean electrolyte replacement between dosing strategies. The average potassium replacement was 23.3 mEq per day versus 14.4 mEq per day in the intermittent and continuous dosing groups respectively. The average magnesium replacement was 0.3 grams per day versus 0.2 grams per day in the intermittent and continuous dosing groups respectively Average daily potassium and magnesium replacement per patient per day (n=109) were 22 (SD=30) mEq and 0.247 (SD=0.557) grams, respectively.

Discussion
==========

Our retrospective analysis was able to quantify the dose-response effect of IV bumetanide and found the intermittent dosing group to have a higher dose-response effect. Variability in response was seen when comparing patients with HF, RI, or otherwise healthy individuals, however significance was not able to be determined. As previously discussed, the low response seen in the HF+RI group may be due to various pharmacokinetic and pharmacodynamic changes in these patients making adequate diuresis more challenging. Lastly, these results uphold the 40:1 dose equivalence ratio for furosemide:bumetanide treated with intermittent dosing. The 40:1 ratio was diminished in those patients receiving continuous infusions.

In recent literature there have been many studies evaluating clinical outcomes that assume a diuretic equivalence ratio other than the well-accepted 40:1 ratio. For example, Eshagian and colleagues evaluated independent predictors of mortality in patients with advanced heart failure. [@B12] Chronic diuretic dose, reported as furosemide equivalents, proved to be an independent predictor of mortality. In this study oral furosemide 80 mg was considered equal to bumetanide 3 mg. Assuming an approximate bioavailability of 50% for oral furosemide, this ratio may have underestimated the average daily dose of patients on chronic bumetanide therapy. More recently, the authors of the Diuretic Optimization Strategies Evaluation (DOSE) trial evaluated four different dosing strategies for patients hospitalized with acute decompensate heart failure. [@B13] Patients were converted from their home loop diuretic to what was considered an equivalent IV dose, using a dose conversion of oral furosemide 40 mg to oral torsemide 20 mg and oral bumetanide 1 mg. If the oral bioavailability of furosemide was taken into consideration and assumed to be 50%, then a ratio of 80:20:1 for oral furosemide:torsemide:bumetanide would have been closer to the accepted IV ratio of 40:1. [@B11] [@B22] The ratio used in the DOSE trial may have resulted in lower doses of IV furosemide for patients admitted when doses were calculated based on their home dose of torsemide or bumetanide. This hypothesis is limited due to the highly variable oral bioavailability of furosemide.

There are a number of limitations to our study. As a retrospective study it was not possible to control for baseline characteristics, acuity of illness and concomitant medications administered. Twelve percent of patients receiving IV bumetanide also received a thiazide diuretic during the study period; the results of the subgroup analysis excluding those patients that received a thiazide diuretic must be interpreted with caution due to the number of patients that had to be excluded from the cIV group (50%). Little can be concluded from this subgroup analysis except that those patients receiving a thiazide diuretic were poor responders to any form of diuretic therapy. Additionally, because randomization was not possible, we do not know how many patients in the cIV group may have previously failed intermittent dosing. If more patients in the cIV group failed intermittent therapy, it may offer a reason for the cIV group having a poorer response than the iIV group, as seen in this study. One would expect to see equal or improved efficacy in the continuous infusion bumetanide group when compared to intermittent dosing because of the higher doses used and the avoidance of potential rebound sodium reabsorption between intermittent doses. [@B22] The lower UOP per mg drug received in the cIV bumetanide group could not be explained by a higher percentage of patients with HF or RI, who may have required higher doses to achieve similar UOP. Further, because the baseline serum sodium was lower in the cIV group, it may be hypothesized that this group had a more severe degree of volume overload, necessitating, but not manifesting in a greater need for diuresis. Therefore, we can only hypothesize this difference to be due to the small number of patients in the cIV bumetanide group and/or a higher percentage of diuretic resistant patients as discussed above. We had to assume that urine output was accurately recorded in the patient's medical record. Further, we used electrolyte replacement as a surrogate marker to measure the potential for adverse effects such as arrhythmias. Because of the retrospective nature of the study we were not able to appropriately assess other potential adverse reactions of loop diuretics including increases serum creatinine, hyponatremia, hypotension, ototoxicity, and myalgias. Another limitation of this study was the exclusion of 53% of the originally identified patient population. The reason for this was multifactorial including both limitations in retrospective data collection and the technology used to identify potential patients. Retrospective data collection did not allow for regulation of urine output monitoring and poor records led to the exclusion of many patients. These patients may not have had UOP quantified for multiple reasons including absence of a specific physician order, location outside of an intensive care unit, or not having a foley catheter in place resulting in UOP recorded only as an "occurrence." The electronic pharmacy computer system used to generate a list of patients on bumetanide therapy for at least 48 hours did so based on number of doses dispensed. Because of medication barcode administration we were able to determine the actual number of doses administered, which at times was less than the number of doses dispensed and, thus resulted in less than 48 hours of therapy. The limitations of this study are reflected in the wide variability of our results, represented by large standard deviations. It also must be considered that these data may not be applicable to patients receiving less than 48 hours of therapy.

Clear limitations also apply when comparing new data to the previously collected data by Thomson and colleagues. [@B26] The prospective multicenter study of Thomson *et al* . may have allowed for better control of baseline characteristics and recording of data. The different study designs and time frames used in each study limit the ability to accurately compare and scientifically analyze the potency of bumetanide and furosemide.

Conclusions
===========

With our retrospective data we have quantified the dose-response effect of IV bumetanide and compared the potency with IV furosemide in patients with heart failure. While our study supports the 40:1 equipotent dosing for intermittent intravenous furosemide:bumetanide, further prospective data are needed in order to establish the true dose-response effect of continuous infusion bumetanide dosing. We should consider this ratio when interpreting literature that may have used alternative ratios in data analysis. We propose that clinicians should continue to utilize the intravenous dose equivalence ratio of 40:1 when transitioning patients between intravenous furosemide and bumetanide. Future studies may be beneficial to evaluate the efficacy of bumetanide in furosemide-resistant patients and determine appropriate dosing strategies in edematous patients.
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